The common snapping turtle (Chelydra serpentina) is a well studied and broadly distributed member of Testudines; however, very little is known concerning developmental anomalies and soft tissue pathologies of turtles and other reptiles. Here, we present an unusual case of unilateral pulmonary aplasia, asymmetrical carapacial kyphosis, and mild scoliosis in a live adult C. serpentina. The detailed three-dimensional (3D) anatomy of the respiratory system in both the pathological and normal adult C. serpentina, and a hatchling are visualized using computed tomography (CT), microCT, and 3D digital anatomical models. In the pathological turtle, the right lung consists of an extrapulmonary bronchus that terminates in a blind stump with no lung present. The left lung is hyperinflated relative to the normal adult, occupying the extra coelomic space facilitated by the unusual mid-carapacial kyphotic bulge. The bronchial tree of the left lung retains the overall bauplan of the normal specimens, with some minor downstream variation in the number of secondary airways. The primary difference between the internal pulmonary structure of the pathological individual and that of a normal adult is a marked increase in the surface area and density of the parenchymal tissue originating from the secondary airways, a 14.3% increase in the surface area to volume ratio. Despite this, the aplasia has not had an impact upon the ability of the turtle to survive; however, it did interfere with aquatic locomotion and buoyancy control under water. This turtle represents a striking example of a non-fatal congenital defect and compensatory visceral hypertrophy.
Introduction
The lungs of nonavian reptiles exhibit an extreme morphological and functional diversity, which provides biologists the opportunity to study a plethora of evolutionary questions. Pulmonary anatomy, for instance, has been used as a character complex for several systematic considerations (e.g. Klaver, 1981; Becker et al. 1989 ). More recently, the discovery of unidirectional airflow patterns in the lungs of crocodilians (Farmer & Sanders, 2010; Schachner et al. 2013) , varanids , and iguanas has fueled the debate regarding the origin of the unique respiratory apparatus of birds. Traditionally, reptilian lungs are studied through simple gross dissections, corrosion casting of latex or silicone injections, and most effectively through excised lungs that are inflated and dried. Recent advancements in imaging technology and three-dimensional (3D) visualization software permits the creation of in situ digital models of the soft tissues and air spaces within the lung and air sacs of living animals, which facilitates a better understanding of form and function relationships in living pulmonary tissues. These techniques, along with anatomical correlates and mathematical modeling, have been used in several species to infer the morphology of the ancestral amniote lung (Lambertz et al. 2015) , as well as the origin of ventilatory mechanisms in mammals , turtles (Lyson et al. 2014) , archosaurs (Farmer & Sanders, 2010; Schachner et al. 2013) , and dinosaurs (Carrier & Farmer, 2000; Schachner et al. 2009 Schachner et al. , 2011 .
Chelonian lungs have been the subject of several comparative and embryological studies (Milani, 1897; Moser, 1902; Hesser, 1905; Heilmann, 1914; Gr€ aper, 1931; Broman, 1940a, b) but despite the observed morphological diversity, their systematic utility was largely ignored relative to their sauropsid cousins until recently (Lambertz et al. 2010) . Traditionally, the morphology of turtle lungs has been characterized as following a 'multichambered' Bauplan (Perry, 1998) . A phylogenetically broad analysis of pulmonary anatomy and development in amniotes further suggests the lungs of turtles are the closest approximation of the plesiomorphic amniote pulmonary condition (Lambertz et al. 2015) .
The common snapping turtle (Chelydra serpentina) is a well-studied cryptodiran member of Testudines and has been the subject of various cardio-respiratory analyses (Gr€ aper, 1931; Broman, 1940b; Gaunt & Gans, 1969; Lambertz et al. 2010; Wearing et al. 2016) . Snapping turtles are one of the most widely distributed turtles found in North America, with a natural range from as far north as southern Canada to southern Florida and Texas, and with some individuals living in the Mexican tributaries of the Rio Grande River (Ernst & Barbour, 1989) . These turtles occupy a variety of freshwater environments, and tolerate very cold water, with some individuals observed to be active under ice (West, 2008) . Chelydra serpentina is highly aquatic, with the majority of their time spent underwater. However, in the southern portion of their known range they have been observed basking, and they are capable of making long terrestrial journeys (Dillon, 1998) .
Despite the prevalence of C. serpentina across North America, there is little to no literature on developmental soft tissue pathologies in this taxon, or even within Testudines as a whole. Here, we present a remarkable case of unilateral pulmonary aplasia in C. serpentina, provide a detailed comparison with the pulmonary anatomy of normal specimens, and discuss its implications for understanding the general developmental pattern of cryptodiran lungs.
Materials and methods
On 22 December 2015, a 7.95-kg adult male C. serpentina (Wildlife Rehabilitation Center of Minnesota Case Number 15-11926) with a straight-line carapacial length (SCL) of 29.12 cm was found on the shoreline of a small pond in a suburban area of the Minneapolis/St. Paul, Minnesota metropolitan area (Fig. 1A-E) . The specimen is presumed to be an adult based on its large size and the fact that the carapacial fontanelles are mostly closed (Fig. 1B-E) . In the following it will be referred to as the pathological specimen. The turtle was brought to a wildlife rehabilitation center for examination and was housed over the winter. The weather was unseasonably warm in the fall and early winter, which caused ice to form on the lakes later than normal. During the winter months, numerous abnormal aquatic turtle sightings just under the thin ice were reported in Minnesota (personal communication to R.S., John J. Moriarty, Senior Manager of Wildlife, Three Rivers Park District, Plymouth, MN, on 23 December 2015) and Canada due to the warm weather (personal communication to R.S., Sue Carstairs, DVM, Executive and Medical Director, Ontario Turtle Conservation Center, Peterborough, Ontario, Canada, on 26 December 2015).
Four deceased specimens of C. serpentina of varying sizes and ages (hatchling, subadult, small adult, and a larger adult; uncatalogued, Department of Biology, University of Utah) were included in this study as 'normal' controls for comparison to the pathological animal. The hatchling (SCL = 4.292 cm) was acquired from www. myturtle.com for an independent project. The large normal specimen (SCL = 22.62 cm) was donated postmortem by James Dix of Utah Reptile Rescue for a separate project. The small adult was donated postmortem by Stephen Deban (Department of Integrative Biology, University of South Florida) for an independent project, but had severely rotten lungs and could only be used for a skeletal comparison. The subadult specimen (uncatalogued, Institut f€ ur Zoologie, Bonn, SCL = 10.55 cm) was used for a complementary dried preparation.
Terminology
Currently, there is no generally accepted terminology for reptilian lungs. Therefore, for the present description we follow an embryological approach to address the adult morphology of chelonian lungs and to explain some of the more recently used terms. The detailed embryological work of Broman (1940a,b) , which is supported by the less complete but corroborating descriptions of others (Moser, 1902; Hesser, 1905; Heilmann, 1914) , allows for a general view on how the adult lungs are formed. In principal, the trachea develops from the ventral posterior pharynx and splits into two extrapulmonary bronchi. The pulmonary anlage forms at their distal tip. It has been hypothesized that a branched internal pulmonary bauplan is shared by all amniotes (Lambertz et al. 2015) and the same applies also to turtles: there are several subsequent generations of branching events within the lung. These branches are organized in a hierarchical manner and can be summarized as follows. The 'first-order branch', sometimes called the 'intrapulmonary bronchus', is an internal continuation of the extrapulmonary bronchus. As in all other amniotes, it forms the basis for a number of 'second-order' or secondary branches. There are secondorder branches budding off in an alternating lateral and medial monopodial manner from the first-order branch, with the first bud directed laterally. These second-order branches form what correspond to the traditional 'chambers.'
To establish homology hypotheses of the individual branches (i.e. their specific number and location) among amniotes is difficult and should be done only with great caution, but from a developmental point of view, the chelonian second-order branches can be homologized with the 'niches' or 'lobes' of lepidosaurs (Lambertz et al. 2015; Lambertz, 2016) , the 'domain branches' of the mammalian lung (Metzger et al. 2008) , the secondary bronchi of birds (Duncker, 1971) , and the dorsal and ventral 'chambers' of crocodylians (Perry, 1988) , or their 'secondary bronchi', respectively (Sanders & Farmer, 2012; Schachner et al. 2013) . The terminal region of the lung is blind-ended and forms an additional 'chamber' or abdominal sac. The second-order branches also give rise to various downstream branching generations that differ in position and type of branching, provisionally termed 'tertiary branches' herein. Establishing hypotheses of homology for these generations of branches among amniotes becomes even more difficult. Proximally, various larger branches bud off in a monopodial manner from the chelonian second-order branches. Two of them usually persist as discrete 'subchambers', which originate from the first lateral 'chamber' or bronchus. Others form dorsomedial 'lobes' in the lateral 'chambers' or 'niches' in the medial ones. Both 'lobes' and 'niches' subdivide the common air space within a 'chamber' into several compartments and are bordered by larger septa that extend into the central lumen. The difference is mainly in size and that a lobe can be further subdivided into several niches by additional downstream branching generations. Distally, the second-order branches usually bifurcate dichotomously, which can lead to either vertical or horizontal septa also subdividing the lumen of the 'chamber'. With regard to their origin from the second-order branches, all of them can somehow be regarded as 'third-order branches'. Another degree of branching is added when the parenchyma is formed: the actual gas exchange tissue. This can take place everywhere in the lung as a final step, either directly on the walls of the second-order branches (as well as the terminal chamber) or those of their subchambers, lobes, and niches.
Clinical procedures
Initial physical examination of the turtle indicated it was in good overall condition and, once warm, was very active. A large bulge was noted on the left mid-carapace while the right carapace was less convex than normal (i.e. more flattened) (Fig. 1) . Radiographs revealed air in the left carapacial bulge and no appreciable air in the right dorsal coelom (Fig. 1F-H) , where the right lung is normally located.
Scan parameters
The live pathological turtle was imaged on a Toshiba TSX-101A/ 7D.004 CT scanner at a slice thickness of 1 mm, and reconstructed in a bone algorithm (FC30) and a soft tissue algorithm (FC05). The turtle was scanned to ensure that there was no pathological reason for surfacing during the middle of winter and to discern the cause of the bulging carapace. Additionally, as the turtle was imaged for clinical purposes prior to the initiation of the project described herein, no Institutional Animal Care and Use Committee (IACUC) approval was necessary. The turtle was also imaged on a Vet-MR with a 0.2 T magnet to look for soft-tissue anomalies. To facilitate the CT, 2.4 mL of 10 mg mL À1 alfaxalone (Alfaxan, Jurox Inc., Kansas City, MO, USA) was given intramuscularly in the forelimb muscle for mild sedation. The turtle head was also covered with a towel. Upon completion of the scanning, recovery was quick and uneventful. The large (> 1000 g) deceased specimen was intubated, inflated until resistance could be felt with a 60-cm 3 syringe, and scanned at unit at a slice thickness of 0.6 mm, kVp 120, MA 200. The hatchling C. serpentina was imaged at the University of Utah Small Animal Imaging Core Facility on a Siemens INVEON microCT. The threedimensional (3D) digital anatomical models were segmented by hand directly from the DICOM files in the scientific visualization software, AVIZO LITE (9.1) with a small Wacom Intuos Pro 4 tablet and a CINTIQ 13HD (Fig. 2) . The raw CT data for the normal and pathological adult specimens are available via Data Dryad (http://dx.doi. org/10.5061/dryad.160mp).
Pulmonary morphometry
The segmented 3D models of the airways of the normal large adult specimen and the pathological one were used to determine a rough estimation of their surface area (SA). To quantify SA, the area of each individual triangle that makes up the digital mesh of a model was summed up using the Print3D add-on in BLENDER Version 2.72b. The extrapulmonary airways were manually removed from the STL-files using MESHLAB Version 1.3.3 prior to the analysis and the mesh was sealed using MESHMIXER Version 11.0.544. Each lung of the normal specimen was calculated separately and the arithmetic mean was used for the comparison with the pathological specimen. Carapacial length was used to standardize the results. In addition, we used the Print3D function of BLENDER to determine the volumes of the digital endocasts in order to determine the surface to volume ratios of the normal and pathological lung as a proxy to quantify the degree of 'branchedness' of the lungs.
Results
Normal C. serpentina
Extrapulmonary airways and external lung
The trachea runs on the left side of the neck and bifurcates into two extrapulmonary bronchi, the left of which is shorter than the right one ( Fig 3A) . The lungs are superficially symmetrical and occupy the majority of the dorsal two-thirds of the body cavity ( Fig. 3B ,C). The lungs are wedge-shaped in axial cross-section, tapering laterally so that they are dorsoventrally thinnest where the costal rib ends insert into the peripheral bones (Fig. 3C ).
Main intrapulmonary anatomy
Two sets of second-order branches arise from the first-order or intrapulmonary bronchus, a lateral series and a medial series (Figs 3D-G and 4). The intrapulmonary bronchus is not defined as a properly tube-shaped structure, but rather more like a manifold, and meanders with the origins of the second-order branches. The lateral group emerges sequentially from the lateral aspect of the intrapulmonary bronchus via proximally constricted ostia. These bronchi expand out horizontally and laterally to form large saccular chambers which are lenticular in axial cross-section, and have a slight anticlinal arch ( Fig. 3D ). In the normal snapping turtles studied there were three discrete lateral branches in the left and right lungs; however, the hatchling (Fig. 5 ) demonstrated a transitory structure in the 'terminal chamber' that might be interpreted as a rudiment of an additional fourth lateral second-order branch (labeled as 'L4' in Fig. 5F ). The medial second-order branches mirror the lateral branches in that they arise sequentially from the medial aspect of the intrapulmonary primary bronchus from proximally constricted ostia, and expand into large saccular chambers that occupy the medial third of the lung adjacent to the vertebral column. These chambers are smaller than their lateral counterparts and all normal specimens exhibit three of them. From cranial to caudal, the order of branches starts with a lateral one, followed by a medial one and they alternate until the lung ends blindly in a terminal sac-like 'chamber' (Fig. 5F) . 
Anatomy of the tertiary branches
The tertiary branches are small, saccular extensions of the secondary branches or airways, and enlarged abdominal sac (Fig. 3F ). They are heterogeneously arranged with an increased density proximally (towards the midline), thinning out laterally. They also have an increased density cranially, with the first lateral and medial bronchi maintaining the highest number, and largest tertiary bronchi. The larger tertiary bronchi are generally constricted proximally and expand distally, often branching at their distal ends. It is unclear from the CT data whether any of these tertiary bronchi anastomose with one another as in extant archosaurs (crocodilians and birds) (Maina, 1989 (Maina, , 2000 (Maina, , 2006 Farmer & Sanders, 2010; Sanders & Farmer, 2012; Schachner et al. 2013 ) and varanids ) and thus other methods of investigation will be required to address this question.
Parenchyma
The parenchyma is distributed heterogeneously within the lung, with an increased density proximally in the secondorder branches (towards the midline), thinning out distally. They also have an increased density cranially, with the first lateral and medial chambers maintaining the most pronounced parenchyma (Fig. 4) .
Pathological C. serpentina
Extrapulmonary airways and external lung The pathological C. serpentina demonstrates unilateral pulmonary aplasia. The aplasia is likely congenital due to the accompanying skeletal defects (described below). As in the normal specimens, the trachea travels down the left side of the neck (Figs 2C and 6A), bifurcating at the carina approximately one-third of the way caudal to the cranial apex of the lung. The left extrapulmonary bronchus is similar but slightly elongated relative to the normal adult, and loops cranially just distal to the carina before entering the lung at the hilum. The right extrapulmonary bronchus terminates in a blunt stump approximately where the hilum would be expected, but a right lung is lacking (Fig. 6B-D) . The left lung is rounded and is hyperinflated relative to those of the normal specimens, particularly in its dorsoventral aspect (Figs 2C, D and 6A, B) .
Main intrapulmonary organization
The principal organization of the left lung follows the descriptions provided for the normal specimens, consisting primarily of alternating second-order branches (Fig. 6D ). These second-order branches, however, are narrower compared with the normal specimens. The left intrapulmonary bronchus also appears more discrete than in the normal specimens, and is long and constricted for approximately two-thirds the length of the inflated lung, where it balloons into an elongated, tear-drop-shaped terminal saclike chamber that occupies the caudalmost third of the lung. This caudal sac is much more rounded in axial crosssection relative to the normal specimens. There are four distinct chamber-forming second-order branches on both the lateral and the medial sides. The terminal chamber exhibits an internal subdivision superficially similar to the situation observed in the hatchling, but with the exception that on the medial side there also appears to be a rudiment of an additional second-order branch. These lateral and medial second-order branches are labeled as L5 and M5 (Fig. 6D ), but their identity as second-order branches or as subdivisions of the abdominal chamber is not completely clear.
Anatomy of the tertiary branches
The further downstream branches arising from the secondary branches (Fig. 6C,E ) follow the exact pattern described for the normal Chelydra specimens (Fig. 3F) . Again, the central air passages are much narrower than in normal specimens, giving the structures a more pronounced bronchus-like appearance.
Parenchyma
The single lung of the pathological C. serpentina exhibits a much more elaborate network of parenchyma arising from the large second-order branches, the walls of its sub-compartments, and those of the terminal sac. They are more numerous, occupy a much larger portion of the lung volume, and are more densely packed over the entire length of the various branches (Fig. 6C,E) . 
Other visible soft tissues
The obliquus/transversus muscles on the affected right side (i.e. the region of the body cavity without a lung) are thinner and atrophied relative to the left side. The right viscera are dorsally displaced with splaying of the mesenteric ligaments with water-rich fat deposits between them. The liver, heart, and gastrointestinal tract appear to be normal without any missing segments or duplications.
Skeletal anomalies
This individual demonstrates vertebral scoliosis, with a slight curve towards the left (the side of the coelom containing the lung). The ribs on the left side of the shell are excessively convex and domed, providing space for the expanded single lung, whereas the ribs are slightly flattened on the right aplastic side, giving the animal a clear humped asymmetry of the carapace (Fig. 1A,B,D,E) . The plastron also demonstrates some scoliosis, with a slight curve towards the left, matching the deformation of the vertebral column (Fig. 1C) . The transparent skeleton, trachea, and lung surface in left craniolateral view. The isolated lower respiratory system in dorsal view with (B) and without (C) the lung surface visible, and with the tertiary branches removed (D). The isolated lower respiratory system with the tertiary branches in left lateral view (E), and without the tertiary branches in left lateral (F) and cranial (G) views. Images not to scale. Abbreviations: AB, abdominal chamber/sac; L1-5, laterally oriented secondary branches 1-5; L1B, medially oriented tertiary branch arising from L1; LU, lung surface; M1-5, medially oriented secondary branches 1-5; T, trachea.
Pulmonary morphometry
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. In comparison, this indicates about a 12.12% increase in surface area in the singular lung of the pathological specimen compared with that of the normal specimen. The volume for the normal left lung was 109 666.78 mm³ and that for the right lung, 108 624.98 mm³ (the total lung volume for the normal turtle was 218 291.76 mm 3 ). This results in a surface to volume ratio of about 0.27 mm²/mm³ and 0.26 mm²/mm³ for these lungs, respectively, or an average of 0.266 mm²/mm³. The endocast of the pathological lung exhibited a volume of 137 921.69 mm³, which results in a surface to volume ratio of about 0.3 mm²/mm³. This indicates an increase of about 14.3% compared with the average of the normal specimen.
Discussion Clinical and behavioral implications of a single lung
The single lung does not appear to have had a significant impact on the turtle's survival; however, it did interfere with the animal's ability to maneuver properly in water and perhaps the consequences of impaired swimming mobility are reduced in a northern region where there are fewer natural predators, such as alligators. Relative to the normal Chelydra, the lung of the pathological individual presents a significantly different cross-sectional profile, which would have a marked impact on buoyancy and center of gravity (Fig. 6) . In approximately 45 cm of water, the turtle was able to submerge itself fully but, when surfacing, the left side of the body would surface quicker than the right and the turtle would have to paddle excessively to remain parallel to the surface of the water. Two previous studies describing pathologies observed in stranded sea turtles, found that pulmonary lesions were common, and likely the cause of the turtle's death or difficulties swimming (Or os et al. 2005; Nardini et al. 2016) .
The use of visceral musculature to shift the lungs to control pitch and roll as means of aquatic locomotion has been documented in the American alligator (Alligator mississippiensis; Uriona & Farmer, 2008) . It is evident from behavioral studies and simple experiments that many aquatic turtles also are well able to adjust and regulate lung buoyancy effect as a means to maneuver under water, including left and right adjustments of pulmonary volume (Jacobs, 1939; Milsom & Chan, 1986; Peterson & Gomez, 2008) . We are currently unaware of any published electromyographical recordings describing this phenomenon in chelonians, which leaves open questions regarding the detailed mechanism of how this actually occurs. Nevertheless, for this pathological turtle, one consequently would have to assume a certain disadvantage when maneuvering under water. However, given that this specimen represents an adult individual, the disadvantage must not have been too severe, which may be explained by the snapping turtle's preferred way of life as a 'bottom walker' (Ernst & Barbour, 1989) .
Comparison of pulmonary morphometrics between the normal and the pathological lung
The outer surface of the segmented 3D models is a negative representation of the internal surface of the lung and therefore of the potential respiratory surface area, but with certain limitations. First, the conventional CT data employed here are not of sufficient resolution to allow for an accurate 1 : 1 representation of the pulmonary surface, and as the models are generated by hand there is some degree of subjectivity. Secondly, the entire pulmonary surface area is not necessarily active in gas exchange (Perry, 1981) . This severely limits the comparability of the present values with those obtained by conventional stereological approaches for quantifying reptilian lungs, summarized in Perry (1998) . Furthermore, carapacial length is suboptimal for standardizing these values as usually body mass is employed, which was not reliably available for the preserved carcass of the normal adult specimen. However, given that all of these shortcomings equally apply to the two C. serpentina models generated and analyzed here, this morphometric approximation nonetheless allows for a direct 'ingroup' comparison. We nonetheless would like to particularly stress once again that the approach employed herein seems insufficient for functional analyses such as the approximation of the morphological diffusion capacity, and that it rather was intended to quantify the degree of 'branchedness' on a descriptive level. Based on the digital endocast, the lung of the pathological specimen exhibits a surface area that is more than 12% larger than the normal adult specimen. This can be explained by the more pronounced degree of branching observed for this specimen, which also becomes evident by the considerable increase (14.3%) in the surface to volume ratio. The lung is relatively larger than a normal specimen, especially in its dorsoventral aspect. While it is possible that this is due to the live pathological specimen being scanned during an apnea vs. the artificial syringe-based inflation of the two deceased specimens, this unlikely represents over-inflation, as this would be more expected in the artificially inflated normal specimens. Furthermore, the branching not only increases the overall size of the lung, it also leads to larger septa that persist internally within the 'chambers', as seen by the more bronchus-like (i.e. narrower) negative air spaces. This internal septation additionally increases the area of the primary respiratory surface (Perry, 1989) : there is more 'substrate' for gas exchange tissue. We interpret the larger surface area and especially the larger surface to volume ratio due to pronounced branching as an adaptive response compensating for the loss of a second lung, which represents a remarkable case of developmental plasticity.
Implications for understanding the developmental pattern of cryptodiran lungs
The apparent compensatory developmental plasticity notwithstanding, the pathological specimen highlights the conservativeness of the general branching pattern of chelonian lungs. Several previous studies (Gr€ aper, 1931; Duncker, 1978) have described Chelydra as possessing three clearly distinct secondary branches on both the lateral and the medial side, following the pattern described herein for the normal specimens. In contrast, Broman (1940b) and Lambertz et al. (2010) reported four distinct secondary branches on both the lateral and medial side as seen in the pathological specimen. This number and pattern also agrees with the condition found in the closely related Macrochelys temminckii (Lambertz et al. 2010 ). This variation only applies to the terminal region of the lungs, where during development, the second-order branches are generated last. Variation in the number of airways or branches at the terminal end of the lung has also been documented in other lineages of turtles such as the Kinosternidae (ML, unpublished data); however, the overall pulmonary pattern generally remains constant. Although the mechanisms for this variation in bronchial architecture within and across chelonian taxa remains unclear, the variation, particularly the nature of the larger downstream branching generations that subdivide the second-order branches, makes it an attractive character complex for systematic considerations. There are some data available on the pulmonary anatomy of a number of turtle species (Milani, 1897; Gr€ aper, 1931) but the lungs of most taxa have yet to be studied. The large amount of data now available on the lungs of C. serpentina, which include a detailed embryological sequence, several conventional dried preparations, digital 3D models, and also data on the remarkable pathological specimen presented here, allow for corroboration of the assumption that the macroscopic structures of the adult chelonian lung can be reasonably interpreted from a developmental perspective. Such a development-based approach seems most promising in order to understand and compare lungs among amniotes.
Pulmonary variation and asymmetry in reptilian lungs
Variation in pulmonary morphology in reptiles has been well documented, with some taxa having simple single or double-chambered saccular lungs (e.g. the green iguana) (Milani, 1894; Cieri et al. 2014) , complex multibronchial or multichambered lungs (e.g. varanids and crocodilians) (Milani, 1897; Perry, 1988 Perry, , 1998 Becker et al. 1989; Schachner et al. 2013 Schachner et al. , 2014 , lungs with various 'extrapulmonary' dilations of the bronchial tree (e.g. chameleons and varanids) (Milani, 1894; Becker et al. 1989) , and extreme reductions in the respiratory system, as in snakes where in many taxa one lung is completely lost (Wallach, 1998) . The reduction of the left lung, and the modification of the existing right lung (e.g. the development of a tracheal lung) in snakes is interesting with respect to the pulmonary aplasia observed in C. serpentina. The left lung of snakes is typically reduced to a vestigial organ, less than 2% of snout-vent length (SVL), or completely lost, except in booids and some arboreal colubrids (Wallach, 1998) . As described by Van Wallach (1998) , the left bronchus is usually reduced to a single ring surrounding the orifice or completely lost (although there is an elongated right and left lung in arboreal forms). The entire left lung complex is lost in numerous groups (Anomalepididae, Anomochilidae, Leptotyphlopidae, Lycophidini, Psammophiini, and Sibynophiini), and Tropidophiinae and Lampropeltini are specifically defined by a long right bronchus but no lung (Wallach, 1998) , superficially similar to, albeit a mirror image of, the morphology found in the specimen of C. serpentina described herein.
Pulmonary aplasia in humans and potential underlying genetic mechanisms
In humans, pulmonary aplasia is characterized by the presence of the main bronchus stump and a well-developed tracheal bifurcation but with absence of the pulmonary artery and parenchyma; agenesis is absence of the pulmonary vessels and parenchyma as well as the carina and bronchi (Jobe et al. 2016 ). Pulmonary agenesis is typically unilateral, occurring during embryogenesis, and over half of all children developing this condition have associated congenital anomalies of the gastrointestinal, genitourinary, skeletal, and cardiovascular systems (e.g. patent foramen ovale and ductus arteriosus) (Berrocal et al. 2004) . The contralateral lung is usually hypertrophic but with normal structure (as observed in the pathological snapping turtle), and it has been occasionally observed that hypoplastic parenchyma can coexist with aplasia (Krivchenya et al. 2007 ). There is a shorter life expectancy with right lung pulmonary aplasia, as those patients presented with higher frequencies of an associated cardiac and mediastinal shift and corresponding abnormalities of bronchi and vascular structures.
Skeletal abnormalities associated with pulmonary aplasia in humans involving the vertebrae and limbs are ipsilateral to the agenic lung, whereas rib anomalies have a variable presentation. Booth & Berry (1967) recorded 17 cases of lung agenesis that they followed from infancy. They observed an obvious flattening of the chest in five of the seven patients on the affected side and this asymmetry became more pronounced with adulthood. The authors contend that the less pronounced external asymmetry in infants and children was a leading cause of the condition being missed until later in life when observed via radiography, secondary to other patient complaints. On the affected side, individual ribs were frequently found compressed together, often with a variable number of cervical ribs, and an additional 13th pair of ribs. Although the C. serpentina with aplasia does not appear to have any obvious visceral abnormalities aside from hypertrophy of the left lung and accompanying ventilatory muscles, there is clear evidence of significant skeletal asymmetry associated with the development of a single lung perhaps analogous to the human pathological condition.
Numerous candidate genes have been proposed to be associated with (or a causal mechanism for) pulmonary aplasia in humans. A microdeletion at chromosome 22q11.2 has been found to play a role in multiple, complex developmental disorders (22q11.2 deletion syndrome, also known as Velocardiofacial syndrome or DiGeorge syndrome), that may result in the loss or underdevelopment of a lung (Thomas & Graham, 1997; Guris et al. 2001; Conway et al. 2002; Krivchenya et al. 2007) . It is also often associated with embryonic aortic arch abnormalities (Cunningham & Mann, 1997; Krivchenya et al. 2007) in which the defective aortic arch development is proposed to disrupt or prevent growth of the pulmonary bud (Conway et al. 2002; Krivchenya et al. 2007 ). The Tbx1 gene, which encodes for T-box transcription factor (T-box protein 1), has been identified as a major candidate gene for 22q11.2 deletion syndrome (Baldini, 2003 (Baldini, , 2004 . The protein is a regulatory factor required for normal cephalic muscle and craniofacial skeletal development. Tbx1 is expressed in the cardiopharyngeal field (CPF) and plays a crucial role in extending the heart arterial pole by stimulating proliferation and delaying differentiation of second heart field (SHF) cells (Rana et al. 2014) .
Within the CPF, Tbx1 has considerable overlap with genes that encode cardiogenic regulatory factors such as Nkx2.5 and Isl1 (Diogo et al. 2015) . Isl1 is expressed in the mesoderm of pharyngeal arches and the SHF (Nathan et al. 2008) . Progenitor cells that express Isl1 contribute to heart and branchiomeric muscles (Nathan et al. 2008; Harel & Tzahor, 2013) . Nkx2.5 is a cardiac transcription factor that regulates the proliferation in the SHF and modulates, together with Isl1, SHF progenitor-specific gene expression (Prall et al. 2007; Watanabe et al. 2012) .
TTF-1 (thyroid transcription factor), a protein encoded by the Nkx2.1 gene (Guazzi et al. 1990) , is involved in regulating genes specific to the development of the thyroid, diencephalon, and lung (DeFelice et al. 2003; Guillot et al. 2010 ), but it is not involved in myogenic differentiation. Deletion of Nxk2.1 in mice, the Titf1 knockout, causes severe thyroid and lung hypoplasia (H€ osg€ or et al. 2002) . In a broad review of lung development, Maeda et al. (2007) found that Pax8, Titf1, Pdx1, Foxa2 regulate cells that contribute to the organ formation along the antero-posterior axis and that TTF-1 regulates cells involved in lung and thyroid formation. Mou et al. (2012) further demonstrated that precisely timed BMP, FGF, and Wnt signaling are necessary for NKX2.1 induction. Chapman et al. (1996) found the T-Box family to be active during later embryogenesis in areas going through inductive tissue interactions. They identified Tbx2 and Tbx3 to be involved in lung mesenchyme differentiation.
We hypothesize that a mutation in the downstream gene regulatory network of Tbx and/or Nkx was involved in causing the pulmonary aplasia and skeletal malformations in the pathological snapping turtle described here. The developmental defect could also have been caused by a left/right asymmetry during early embryological lung development. Pitx2 is a gene responsible for the 'leftness' of a lung (Lin et al. 1999) . However, it is questionable whether an overexpression of Pitx2 would cause the overdevelopment of a left lung to the detriment of the right lung.
Vertebral malformations, such as scoliosis, kyphosis, and lordosis, appear to be common in turtles across phylogeny and have been well documented in the literature; e.g. Chrysemys (Plymale et al. 1978) , Emydura (Trembath, 2009) , Lepidochelys (Rhodin et al. 1984) , Testudo (Nikolic, 2014) . Up to 1% of Indonesian Chelonia mydas have kyphosis (Rhodin et al. 1984) . These studies did not look into the internal anatomy of the specimens of interest so it is not known whether they also displayed lung abnormalities; however, a CT study of seven stranded Caretta caretta found one with scoliosis and five with various lung malformation (Nardini et al. 2016 ). The case with scoliosis also presented with carapace asymmetry on the left side and the left lung had reduced volume, fibrosis, and loss of parenchymal architecture (Nardini et al. 2016) . During shell development, maintenance of the carapacial ridge and the ability to attract migrating rib precursor cells for the entry of the ribs into the dorsal dermis, is dependent upon FGF signaling (Cebra- Thomas et al. 2005) . Canonical Wnt signaling was further found to trigger carapace formation. If, as in mammals, FGF and Wnt are necessary for NKX2.1 induction in turtles, then lung malformation may be an occasional consequence of anomalies in shell development. That is, disruptions to FGF and/or Wnt signaling might represent another mechanism for the pathological lung and carapace/ thorax development in both turtles and other vertebrates.
The C. serpentina with pulmonary aplasia shares a few of the characteristics found in humans that survive beyond infancy with pulmonary aplasia, including a more homogeneous, large single lung, an opposing bronchus that ends with a blind pouch, and skeletal malformations (i.e. scoliosis). Whether this condition in C. serpentina is genetically homologous to the human condition is unclear; however, it represents a possible mechanism for how pulmonary reductions such as the repeated reduction and loss of the left lung can occur in snakes without affecting the overall fitness of the individual. To address this hypothesis, further studies are required on the pulmonary development and genetics in snakes, as well as other non-serpentine individuals with anomalous pulmonary aplasia to determine the genetic and developmental mechanisms associated with lung development and loss in reptiles.
Utility of CT/MRI and 3D anatomical models for veterinary clinicians and evolutionary biologists CT and MR imaging are increasingly being used as diagnostic techniques in the veterinary clinic for non-mammalian taxa (Valente et al. 2007; Summa et al. 2012; Glodek et al. 2016; Nardini et al. 2016) ; however, the use of segmented models is largely absent, despite the growing use of these methods in the biological and paleontological sciences (Schachner et al. 2013 Bourke et al. 2014; van de Kamp et al. 2014; Lyson et al. 2014; Porter et al. 2016) . Some research groups are even incorporating 3D digital models with their publications as 3D PDFs, which permits readers to manipulate anatomical structures so that they may be viewed in 3D from any angle (van de Kamp et al. 2014; Porter et al. 2016) . For diagnostic purposes in veterinary medicine, volume rendered models (an automatic setting in most DICOM viewing software) are suitable (Valente et al. 2007; Nardini et al. 2016 ), but these methods often fail to demonstrate soft-tissue structures that cannot be easily visualized with contrast, or negative spaces within the body, such as the intrapulmonary air spaces. This method can be very useful for visualizing pathological structures within soft tissues that are not easily differentiated through the imaging algorithm, such as regions of damaged lung tissue (Dillon et al. 2014) . In certain instances, such as the pathological turtle described herein, the use of a segmented model can facilitate an enhanced understanding of the 3D relationships of relevant soft tissue structures that may improve diagnoses.
Traditional dissections, dried preparations of the actual lungs, histology, as well as laborious embryological studies will remain indispensable for properly understanding pulmonary morphology. Clinical scanning devices simply provide too little resolution for in-depth anatomical treatments, at least of rather small animals, but the principal organization of the lungs can be reconstructed nonetheless (Sanders & Farmer, 2012; Schachner et al. 2013 Schachner et al. , 2014 . lCT scanners provide a much higher 3D resolution but are restricted to small sample sizes. Even though such lCT data can replace at least the destructive dissection of dried preparations almost without any loss of information (Lambertz et al. 2015) , this can only be done with dead animals and the present case study highlights once again that this is not always an option. Several species of turtle are on the brink of extinction (Ihlow et al. 2012 ) and many species are rare not only in the wild, but also in scientific collections. Permission to dissect such a precious voucher specimen requires an extremely gracious curator. Veterinarians frequently have access to extremely valuable specimens, either of exotic and rare species from zoos or private specialist keepers, or in form of individuals with remarkable developmental anomalies. We strongly recommend that this source of data be better exploited in light of its huge potential for tackling several evolutionary questions.
